A basic study of flow controls using air blowing was conducted to reduce unsteady aerodynamic force acting on trains running in tunnels. An air blowing device is installed around a model car in a wind tunnel. Steady and periodic blowings are examined utilizing electromagnetic valves. Pressure fluctuations are measured and the aerodynamic force acting on the car is estimated. The results are as follows: a) The air blowing allows reducing the unsteady aerodynamic force. b) It is effective to blow air horizontally at the lower side of the car facing the tunnel wall. c) The reduction rate of the unsteady aerodynamic force relates to the rate of momentum of the blowing to that of the uniform flow. d) The periodic blowing with the same frequency as the unsteady aerodynamic force reduces the aerodynamic force in a manner similar to the steady blowing.
Introduction
As the maximum speed of Shinkansen trains in Japan has increased, lateral vibrations, especially a yawing vibration, of the vehicle due to an unsteady aerodynamic force in tunnel has become a subject of discussion in view of ride comfort. We conducted full-scale measurements on the various types of trains and elucidated characteristics of the aerodynamic force as follows (1) : a) The magnitude of the unsteady aerodynamic force increases proportionately to the square of the airspeed relative to the train. b) Continuous pressure fluctuation, which mainly causes the unsteady aerodynamic force, emerges on the side of train facing the tunnel wall. c) The pressure fluctuation travels downstream while keeping its shape. d) The pressure fluctuation increases from the head car to the 6 ~ 8th cars, then remains constant, and finally increases drastically at the tail of the train set. The peak frequencies of the pressure fluctuation which are recognized after the 3rd car decrease from 3rd car toward the 6 ~ 8th cars and remain at the same level to the tail of the train set. The magnitude and the peak frequency of the aerodynamic force change corresponding to these values along the train set. A numerical simulation clarified that the vortices arising around the bottom of the car body and their travel along the car side are the causes of the pressure fluctuation developing along the whole train set (1) . It also revealed that the cause of the large pressure fluctuation at the train tail is the flow separation by the sudden expansion of the effective flow area (2) .
Several countermeasures have been developed to improve the ride quality of train in the tunnel. A yaw damper between cars, whose force is proportional to the angular velocity between cars, was introduced (3) . Active suspension systems have also been developed (4) .
These systems have already been installed in several types of Shinkansen trains with effect. However, further speed-up of the train demands to decrease the aerodynamic force itself. Modification of the train shape is essential for reducing the aerodynamic force acting on the vehicle. The train shapes for reducing the aerodynamic force were explored by on-track tests and a wind tunnel experiment (5) . The study proposed attaching fins under the car body and confirmed their effect by the on-track test. The study also showed that the effect of the fin is larger as its length is longer. However, the length of the fin must be within the car gauge and the large effect may not be expected by the fin within the car gauge.
In the field of fluid dynamics, various techniques for active flow controls have been studied vigorously to improve the aerodynamic properties for many years (6) . Prandtl demonstrated flow control around a circular cylinder by suction in 1904, and flow control by blowing dates back to 1920s (7) . Flap systems are commonly used in aircrafts (8) .
Recently, with the development of Micro-Electro Mechanical Systems (MEMS), advanced control systems such as feedback control have been studied (9) . However, addition of moving exterior parts such as flaps to the car body has the potential for violating the car gauge. Delicate devices such as those using MEMS are difficult to apply to the train, which operate in severe environments such as adverse weather conditions. On the other hand, considering a fact that trains are already equipped with air compressors and reservoirs for air springs between the car body and the bogies, a raising and lowering mechanism of the pantograph, and so on, one of the authors and others have proposed a flow control system of the pantograph by the air blowing successfully (10) . Thus the technique with the air blowing seems to be also applicable to the flow control around the train. In addition to this, the car gauge does not limit the air blowing.
In this study, we apply a flow control technique with the air blowing to reduce the unsteady aerodynamic force acting on the train in the tunnel.
Method
The experiments were conducted in the small-scale anechoic wind tunnel of the Railway Technical Research Institute. The nozzle is 720 mm in width and 600 mm in height. A Shinkansen train and a double-track tunnel were modeled. Two models with different scale ratios were prepared. Figure 1 shows the experimental apparatus. It was ascertained that this experimental setup can reproduced the actual phenomenon qualitatively (11) .
Model A is composed of four cars with a scale ratio of 1/40. The third car has 24 ejection outlets on the side and 12 outlets on the bottom; each with a diameter of 1 mm. Air was supplied to the outlets from an air tank with a volume of 34 l located outside of the model through air tubes. The air pressure P 0 was set at approximately 0.3 MPa by an air regulator. We estimated the effect of the air blowing by the pressure fluctuation measured at the side of the third car facing the tunnel wall.
The scale ratio of Model B consisting of four cars is 1/32. Each car has 44 ejection outlets on the lower side of the car facing the tunnel wall. The diameter of the outlet is 0.7 mm. Air was supplied from two air tanks with a volume of 34 l each. The supplied air pressure P 0 was set at approximately 0.1 ~ 0.5 MPa by the air regulator. Pressure fluctuations were gauged at the eight pressure ports on the sides of the third car. The area of one side of the vehicle was divided into four equal parts along the direction of the length and the pressure ports were set on the center of each part. The aerodynamic lateral force F and yawing moment M acting on the car are estimated using the pressure data as follows: where dp is the pressure difference between both sides of the car; s i , the representative area of the i-th part of the train side; and l i , the moment arm of the i-th divided part, which is the distance between the car center and the center of the divided area. The diameter of the outlet is too small to measure the blowing speed directly. Therefore, the speed is estimated as follows. A bottle filled up with water was held upside down under water. The outlet with the air tube was removed from the train model and inserted into the bottle. By blowing air continuously into the bottle and measuring the decreased water volume, the mass flow through the outlet was approximated. By use of this value, pressure of the compressed air, the density and the speed of the blowing air were calculated under the assumption of isentropic flow. The estimated blowing speed of Model A is 332 m/s at Po = 0. 
The reduction rate of the aerodynamic force
Considering the above result, we made a larger model with the ejection outlets on the lower side of the car facing the tunnel wall, namely Model B. The Model B is capable of blowing air from every cars and estimating aerodynamic force acting on the third car. Using the Model B, we studied the effect of the steady air blowing by changing the wind speed U and the compressed air pressure Po.
The effect of air blowing is conceivable to have a relation to the ratio of the momentum of the air blowing to that of the main flow. Figure 3 demonstrates this relation. The horizontal axis indicates the ratio of the momentum of the air blowing to that of the uniform flow, that is, , 100 / M are those without the air blowing. Until 5 % of the momentum ratio, the reduction rates increase. After that, the reduction rate of the aerodynamic yawing moment reaches a ceiling around 40%, while that of the aerodynamic lateral force gradually decreases down to 20 %. Figure 4 displays an example of the power spectral density of the aerodynamic lateral force and yawing moment. In the case without the air blowing, the power spectral density becomes greater around 20 Hz, which is equivalent to 2~3 Hz in full-scale cars at 300 km/h and agrees with peak frequencies of full-scale test results. The air blowing clearly reduces the aerodynamic force around the peak frequency. 
The effect of periodic blowing
An abundant supply of compressed air is difficult on board. More efficient blowing with less air is required for the practical application. Thus, we explored the effect of periodic blowing, which demand less air than the steady blowing.
Eight electromagnetic valves were connected between the air tubes and the ejection outlets inside the third car of the Model B. We did not use the rest of the outlets in this test. The valves allow to open and close up to 35 Hz. The ratio of the opening to the closing periods of the value is 1:1. The wind speed U was set at 30 m/s. The supplied air pressure Po was set at approximately 0.3 MPa.
First, we searched the effect of varying the blowing frequency. The frequencies were set at 5, 10, 20 and 30 Hz. All valves switched simultaneously. Figure 5 explains the RMS values of the aerodynamic lateral force and yawing moment when the blowing frequency varies. The vertical axis indicates ratio to the RMS values of the aerodynamic lateral force and yawing moment in the case without the air blowing. The aerodynamic lateral force becomes small at the blowing frequency of 30 Hz. The aerodynamic yawing moment also decreases around 20 ~ 30 Hz. These frequencies may be relevant to the peak frequency of the aerodynamic lateral force and yawing moment, which are 33 and 38 Hz, respectively.
Next, we examined the effect of phase shifts of the air blowing between neighboring points. The blowing frequency was set at 33 Hz, which is identical with the peak frequency of the aerodynamic lateral force. The phase shifts are set at 0, 30, 45, 60, 90, 120, 135 and 180 degrees. Here, for example, at 30 degree of the phase shift, the second valve opens 
Concluding remarks
We conducted the basic study of the flow control using the air blowing to reduce the unsteady aerodynamic force acting on the trains running in the tunnels by the wind tunnel experiment. The results indicated the following: a) The air blowing allows reducing the unsteady aerodynamic force. b) It is effective to blow air horizontally at the lower side of the car facing the tunnel wall. c) The reduction rate of the unsteady aerodynamic force is relevant to the rate of momentum of the blowing to that of the uniform flow. d) The periodic blowing with same frequency as the unsteady aerodynamic force reduces the aerodynamic force in a manner similar to the steady blowing.
In future studies, varying the ratio of on/off periods of the periodic blowing should be searched to save more air. A feedback control of the blowing is a challenge. This study was supported by Mr. Kenji Okada, the former student of Tokyo University of Agriculture and Technology. The authors would like to express their appreciation for his cooperation. 
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